We used macro-economic data and aggregated waste data to estimate that, in 2011, New Zealand households generated over 224,000 tonnes of food waste, and New Zealand industry generated over 103,000 tonnes of food waste. We split New Zealand's food waste into 14 food-waste categories and found that 7% is related to "fresh" produce, and 93% "processed" food waste. The value of New Zealand's food waste in 2011 is estimated to be NZ $568 million, or $131 per person. Furthermore, New Zealand's food waste represents 163ˆ10 9 calories in total, and avoidable food waste would be able to feed between 50,000 and 80,000 people a year. New Zealand food waste embodies 4.2ˆ10 6 tonnes of CO 2 -e, 4.7ˆ10 9 m 3 of water, and 29ˆ10 3 TJ of energy. Nonetheless, we find that, compared to other nations, New Zealanders waste less food per capita by weight, value and calorie.
Introduction
It is estimated that 30%-50% of all food produced never reaches a human stomach [1, 2] , and up to 60% of the food tossed into landfills is still edible fresh food [3] [4] [5] [6] . With consideration of finite land and water resources, climate change and the environmental impacts of food production and consumption [7] [8] [9] , it is easy to understand how food waste has emerged as a global public health and environmental issue that can simultaneously be combatted by both governments, industry and the individuals [10, 11] . The quantification of food waste allows (1) identification of wasted foods and proposing behaviors that require intervention; (2) the costs (and potential savings) of food waste to be comprehended; and (3) the clear communication of the scale of food waste to the community to enable actions.
Attempts to quantify food waste at a country level have been successful in the United States (60 million tonnes of total food waste [12] [13] [14] ), the UK (8.3 million tonnes of municipal food waste [3] [4] [5] [15] [16] [17] ), and Australia (with 4 million tonnes of municipal food waste [18, 19] and 7.3 million tonnes of total food waste [20] ). Other countries are just beginning to measure the scale of food wastage [21] [22] [23] [24] [25] [26] [27] [28] .
Until 2014, New Zealand had little quantitative or even qualitative metrics of food waste behaviors, tonnages, and impacts. There were government reports that discussed food waste as part of the organic waste stream [29] [30] [31] , media reports that valued New Zealand household food waste at $750 million
Data Sources and Methods

Waste Tonnage Estimation
The estimation of waste tonnage per category of waste was performed as per Reynolds et al. [20] . A 2011 New Zealand input-output supply-use table was sourced from the Eora database (versions 199.82) [47, 48] . This table had 209 commodities and 126 industry sectors. The input-output supply-use table is reported in US dollars. The 2011 time period was selected, as this was the latest time period that had full waste tonnages and Input-Output tables accessible.
The aggregated New Zealand waste data for the 2011 time period was sourced from the Ministry for the Environment's monthly landfill disposal waste-levy data [49] . It was assumed that New Zealand MSW and industrial solid waste disposal spilt of total waste generation followed the trend of other developed countries, such as Australia and the United Kingdom [50, 51] . Therefore, 50% of total waste generation was allocated to MSW, and 50% to industrial solid waste. Furthermore, the industrial solid waste tonnage were split again 50:50 to construction and demolition, and commercial and industrial waste streams. This resulted in 2,512,298 tonnes of total waste, of which 1,256,149 tonnes were MSW, while 628,074.5 tonnes were allocated to both commercial and industrial and construction and demolition waste streams.
Modifying Reynolds et al. [20] , the commercial and industrial tonnages were allocated to specific sectors using an averaged proportion vector p C&I (see Equations (1) to (3)), this used input from economic data from the Eora database: x j , total sectoral gross output per sector j, and ř i T ij , the sum of inputs of production per intermediate sector j. This disaggregation links economic activity to total sectoral waste generation.
where c is an nˆ1 dimension binary concordance matrix, with rows that sum to one and the n of c, the same as the n of the proportion vector, and a T`aX " 1, which in this case of equal weighting means
The proportion vector, p C&I , is multiplied by the total waste produced by the commercial and industrial waste stream, ř i w C&Iij , to give r w C&I , a vector of total waste produced by each sector as shown in Equation (4) . Note that the inclusion of the symbol~above w denotes that this is no longer a single value (the total amount of waste generated of that waste type); rather, the single value is disaggregated to all the active sectors (i) of p.
MSW was disaggregated as per Reynolds et al. [20] , and the total volume of waste generated for the MSW stream, ř i w MSWij , was assigned to a single aggregated F (final household consumption sector), renaming it r w MSW (Equation (5)).
Total sectoral waste from industry r w C&I , and municipal waste r w MSW , was then disaggregated to 22 waste categories (22 Waste types: 14 Food waste categories: Apple and pear growing waste, Kiwifruit growing waste, Other fruit growing waste, Sheep and beef cattle farming waste, Dairy cattle farming waste, Fishing waste, Meat processing waste, Poultry processing waste, Bacon, ham and small good manufacturing waste, Dairy product manufacturing waste, Fruit and vegetable, oil and fat, cereal manufacturing waste, Bakery, sugar and confectionery manufacturing waste, Seafood processing waste, Other food manufacturing waste; 8 other waste categories: Other Organic waste, Paper waste, Plastic waste, Metal waste, Glass waste, Construction and Demolition waste, Other waste, Potentially hazardous waste).
This disaggregation was achieved by multiplying the total waste vector ( r w C&I or r w MSW ) by C StoW , a sector to waste type concordance matrix, and A, the direct requirements matrix of the Input-Output table. As shown in Equations (6)-(8), C StoW is transposed and multiplied on the right by the direct requirements matrix A to give the estimated waste production of each sector M C&I .
We normalize the matrix M C&I by dividing each cell by its column sum
For a vector v, x pvq denotes a diagonal matrix. This gives the relative waste produced per industry for C&I waste, M C&I . These operations are shown in Equations (6)- (8) .
Multiplying M C&I by z r w C&I , the waste stream produced by each sector gives an expanded listing (in tonnes) of waste generation of each sector (i) sorted by waste type (j), W C&I , as shown in Equation (9):
This direct input estimation method implicitly assumes that the intensity with which a product is used in the production or consumption process is the only determinate in how much the sector wastes of that product/waste type. There is no assumption that some products are more wasteful, or that technology allows for less wasteful production in certain industries.
Furthermore, this disaggregation method is based on the assumption of an industry to product to waste relationship. Here, each industry supplies a primary product, and that product has a chief type of waste associated with its production. Thus, when a sector consumes other goods in the manufacture of products, this disaggregation will assume that waste is produced that is associated with that input sector.
An exception to this is in the service sectors, which were assumed not to have one primary waste type. Instead, they were allocated a percentage of waste to all 8 waste categories. This was based on the waste composition proportions for the national indicator sites from 2007 to 2008 [31] . In addition, the total organics waste generated by the sectors of wholesale trade, retail trade, accommodation, bars, clubs, cafes and restaurants was evenly divided into all food waste and organics categories.
The 22 waste categories were based upon 8 waste categories from the Ministry for the Environment's 2009 Environmental Report Card [31] . The organics category was expanded to 14 food waste categories as well as 1 "other organics" category. This category could include waste types such as garden waste, timber waste, and not directly identifiable food waste. The 14 food waste categories were selected due to specific food industry size to allow for quantification of food waste at different stages of the supply chain by separating "fresh" from "processed" food waste, and to account for differing environmental impacts of processed products versus fresh products.
Accounting for Monetary Value, Calories and Environmental Impacts
To determine the monetary value, food security (calorific) benefit, and environmental impacts, we followed the quantification methodology introduced by Reutter et al. [52] and Reynolds et al. [53, 54] .
Value
To calculate the basic value per tonne value of the associated food products Fi, we sourced Gross Production Values in US dollars at a constant price 2004-2006. The production quantities and values were taken from the FAOSTAT database [55] (Table 1) . Additional data on seafood, manufactured and baked goods, fruits, and vegetables were taken from New Zealand government and industry reports. These were converted to US dollars using the 2011 average NZ-US exchange rate of 0.7911 [56] [57] [58] . To ensure reproducibility, the values per tonne used are provided in the online accompanying data. Similar to Reutter et al. and Reynolds et al., we assumed that waste was still priced at market value, and has the same amount of "use value" (durability) that it had when first bought [59, 60] .
To estimate the US dollar value of food waste by category i (K i ), the tonnages of food waste categories (W i ) were multiplied by the price per tonne of the associated food category (F i q. 
Calories
We sourced the calorific values of associated food product per tonne from the Wolfram Alpha database [61] . The calorific values were based on globally averaged nutrient values for generic food products such as lamb, beef, and flour. Vegetables, fruits, and processed goods were provided as an average calorific value per tonne from a basket of associated products selected by Wolfram Alpha. To ensure reproducibility the calories per tonne used are provided in the online accompanying data.
To estimate the calories embodied in food waste by category i pJ i q, the tonnages of food waste categories (W i ) were multiplied by the calorific values of each food category per tonne (C i q.
(Calories) " (Tonnages)ˆ(Calories per Tonne)
Environmental Impacts
To calculate the water, energy, and greenhouse gas metrics CO 2 equivalents (GHG-CO 2 e) embodied in New Zealand food waste, we performed an environmentally extended Input-Output Analysis. This is explained in detail in the Appendix of Reynolds [62] .
The environmental impacts data were sourced from the Eora database (versions 600.61 and 199.82) in US dollars [47, 63, 64] and featured GHG CO 2 e, energy (TJ), and water (m 3 ) [65] . The greenhouse gas equivalents and energy account were from the year 2011, with the water account from the year 2000. This difference in base years is due to data availability. To ensure reproducibility, the total environmental impact multipliers per tonne used are provided in the online accompanying data.
The resources embodied in food waste by category i (P water i , P GHG i , P energy i ) were calculated by multiplying the value of food waste (K i ) by the total environmental impacts of production per dollar spent in sector s (E water s , E GHG s , P energy s ) to find P i , the total environmental impacts of food waste.
(m 3 of Water) " (US$)ˆ(M 3 of Water Per US$)
Results and Discussion
Waste Tonnages
New Zealand households generated over 224,000 tonnes of food waste in 2011, with industry generating over 103,000 tonnes of food waste. Food waste is 17% of the total New Zealand waste stream. Furthermore, if accompanied by "other" organic waste (8% of total waste stream), this 25% "total" organics is comparable to the 28% organic waste found via the Environmental Report Card [31] . The 122,547 tonnes of MSW food waste, estimated by the National Food Waste Prevention Project [38, 40] , is also in a similar order of magnitude. However, since they are estimates for different years, they are not directly comparable. Like the National Food Waste Prevention Project, our estimate is for waste disposed via "formal" disposal methods, and does not include food waste disposed of via backyard composting, feeding to animals, food rescue or sewer disposal. Table 1 lists the disaggregated waste for commercial and industrial and MSW streams. A full sectoral detail is provided in the online accompanying data.
We estimate that the largest component of the MSW food waste stream was the bacon, ham and small-goods waste (41,078 tonnes), followed by bakery, sugar and confectionery waste (39,889 tonnes), and then fruit and vegetable, oil and fat, cereal waste (34,077 tonnes). The largest waste categories in the commercial and industrial food waste stream were estimated to be dairy-product waste (23,231 tonnes), meat processing waste (17,182 tonnes) and seafood processing waste (7981 tonnes).
Our model estimates that households generate 901 tonnes (0.4%) of the food waste that can be directly linked to "fresh" products or those bought directly from the agricultural sector. The remaining 223,266 tonnes is either "processed" or has been purchased through a supermarket, restaurant, or other intermediary processor. Industry generates 22,778 tonnes (22%) of food waste that can be directly linked to "fresh" products, with 80,606 tonnes linked to pre-household processing waste. In total, approximately 23,678 tonnes (7%) of New Zealand's food waste is related to "fresh" produce, and 303,873 tonnes (97%) to "processed" produce.
Our model estimates that only 50 kg (municipal) or 70 kg (total) of food waste is generated per person per year [66] . The National Food Waste Prevention Project's municipal audit estimated a similar 79 kg per person per year [38, 40, 41] . Both New Zealand estimates are comparable to the 70 kg per person per year municipal food waste generation in the UK [67] , and the FAO's North America and Oceania estimate of 110 kg per capita per year.
The Value of Food Waste
We estimate that New Zealand wasted US $450 million of food waste in 2011. Of this, households wasted US $292 million worth of food, and industry wasted nearly US $158 million. When converted back into New Zealand currency at 2011 exchange rates, New Zealand total food waste is estimated to be NZ $568 million, with commercial and industrial and MSW food waste respectively valued at NZ $199 million and NZ $369 million. Based on the 2011 population of New Zealand [66] , this equates to NZ $131 per person per year (Table 2) .
Our household figure is only 42% of the National Food Waste Prevention Project's audit estimation for MSW ($872 million) [38, 40, 41] . The National Food Waste Prevention Project has also estimated by survey that New Zealand households waste food to the value of $144 per capita per year, or $600 million of food in total (municipal) [39] . Our household estimate is 62% of this figure. This difference could be explained by the National Food Waste Prevention Project's audit and survey estimates being provided in consumer purchase price. While our estimate is provided in basic purchase price-before taxes and other costs such as transport are added.
In addition, both our estimate and the estimate from the National Food Waste Prevention Project are much smaller than other global estimates. Comparable yearly food waste value estimates are £420 (NZ $1,023) per household in the United Kingdom [67] , £430 (NZ $1,047) per household in Scotland [68] , AU $239 (NZ $ 268) per capita in Australia [69] . This implies that New Zealand wastes less valued food per capita than other comparable countries.
Embodied Calories
We estimate that New Zealand food waste embodied 163ˆ10 9 calories in total, with 121ˆ10 9 coming from MSW, and 51ˆ10 9 from commercial and industrial waste. A person is understood to be "food secure" when they have access to an average of 3000 calories a day [70] It should be noted that not all food waste is edible; WRAP reported that 1/3 of the total UK food waste was not-avoidable, while one third was possibly-avoidable and one third was avoidable [22] . The National Food Waste Prevention Project found that 54% of household waste was avoidable [38] .
If we assume that one third of total New Zealand food waste is "avoidable" as per the WRAP metric [5] , this would mean that 49,000 people a year could be fed on the calories of the avoidable food wasted. If we used the National Food Waste Prevention Project estimate of 54%, this would mean that 50,000 people a year could be fed on the calories of the avoidable household food waste, and 80,000 people a year could be fed on the calories of the total avoidable food wasted. However, this is an over simplification, as food waste is not all generated at these consistent ratios. Therefore, these numbers are at best only a broad approximation.
The National Food Waste Prevention Project has estimated that New Zealand's food waste could feed 262,917 people a year. Our calorific result is only 19% (WRAP estimate) or 21% (New Zealand household estimate) of this figure. However, the National Food Waste Prevention Project's figure is based on a days' worth of food being 1.277 kg, rather than a calorific measure [38, 40, 41, 71] . If we use this weight measure, our estimate for 1/3 avoidable total food waste is 234,247 people per year, 89% of the National Food Waste Prevention Project's infographic. Our estimate of 54% avoidable household food waste indicated that 259,706 people per year could be fed on our MSW estimate, which is 99% of the National Food Waste Prevention Project's infographic.
The calorific estimates in this paper are significantly lower than previous estimates by the United States Department of Agriculture. They estimated that the US generates 1249 calories per capita per day of food waste [12] . In addition, the estimates in the National Food Waste Prevention Project would also not allow a level of caloric wastage that would match United States estimates. From this, we can conclude that New Zealand is more efficient in terms of waste generation per calorie per capita than the United States.
Embodied CO 2 e Emissions
We estimate that New Zealand food waste embodied 4.2ˆ10 6 tonnes of CO 2 -e, with 2.3ˆ10 6 tonnes of CO 2 -e from household food waste, and 1.9ˆ10 6 tonnes of CO 2 -e from industry. At a per capita level, we estimate that New Zealand generates food waste that embodies 963 kg of CO 2 -e per individual [66] . This is close to the FAO's estimate of 900 kg of per capita embodied greenhouse gases in the North America and Oceania region [72] . However, there are large variances in food waste GHG impacts. Studies in the United Kingdom [15] and United States [73] have estimated impacts at around 300 kg CO 2 -e per capita (Table 3) .
The National Food Waste Prevention Project's audit figure estimated that New Zealand household municipal solid-food waste generates 325,975 tonnes of CO 2 e emissions (325 Gg of C0 2 e). This is a rather different mass from our calculation, as it describes the CO 2 e generation potential of food waste rather than the embodied CO 2 e emissions in creating the food that is wasted, and in addition to a "conservative" adjustment of WRAP LCA data [15, 38, 40, 41] . If we used the National Food Waste Prevention Project's audit CO 2 e generation potential of 2.66 tonnes of CO 2 -e for every tonne of food wasted, our comparable figure would be 871,285 tonnes of CO 2 e emissions (871 Gg of CO 2 -e). This is 2.67 times the mass calculated in National Food Waste Prevention Project's audit estimate. Per capita, this would equate to 197 tonnes of CO 2 e emissions per capita per year-a mass similar in magnitude to the per capita CO 2 e emissions in previous global studies [15, 73] .
Embodied Water
We estimate that New Zealand food waste embodied 4.7ˆ10 9 m 3 of water. This is 1087 m 3 of water per capita per year. Approximately 3.1ˆ10 9 m 3 of water are embodied in food waste generated by households, and 1.6ˆ10 9 m 3 of water are embodied in food waste generated by industry (Table 4) .
There are no other estimates of the water embodied in New Zealand's food waste. Water embodied in food waste for North America and Oceania has been estimated at 42 m 3 of water per capita per year [74] and 44 m 3 of water per capita per year [72] . In the United Kingdom, it has been estimated at 106 m 3 of water per capita per year [15] . However, our estimated water footprint is not directly comparable to other footprints, as the water dataset from which we derived our results uses crop water use to define water use by agriculture. This is not the method that is used by other prior publications; thus, we cannot compare our result with other publications.
Embodied Energy
We estimate that New Zealand food waste embodied 29ˆ10 3 TJ of energy. This is 6.6 GJ of energy per capita per year. Approximately 19ˆ10 3 TJ of energy are from household food waste, and 9.8ˆ10 3 TJ of energy are from industrial food waste. There are no other estimates of the energy embodied in New Zealand's food waste. However, Cuellar et al. [7] estimated that domestically consumed food waste in the US embodied approximately 2.1ˆ10 6 TJ per year or 7.6 GJ per capita per year. This is in the same order of magnitude as our estimate (Table 5) . 
Conclusions
We have estimated total, household, and commercial food waste tonnages for New Zealand in 2011 from macro-economic data and aggregated waste data. We have split New Zealand food waste into 14 food waste categories to separate "fresh" from "processed" food waste. In addition we have estimated the value and calorific value of the food wasted, and have performed Waste Input-Output Life Cycle Analysis to quantify the greenhouse gas equivalents, water and energy emissions embodied within New Zealand food waste. Our estimate of New Zealand's food waste indicates New Zealand is wasting less per capita per year in terms of calories, value or weight than other comparable developed countries such as Australia, the United States and the United Kingdom. This is a positive finding. However, we consider that this number can be reduced further, as New Zealand households generated over 121,000 tonnes of avoidable food waste in 2011.
The use of the top-down direct-inputs waste estimation methodology has produced results that are comparable with other estimation methods, both in New Zealand and internationally. However, caution should be taken when using this data set, as the top-down direct-inputs method is simply a disaggregation of macro-economic data and waste data. The numbers provided are at best a broad estimate. Their similarity to previous studies provides assurance of the reliability of these studies and other waste estimation methodologies. Potential future research might aim to constrain and enhance our top-down estimate with additional data from external bottom-up sources to produce a more realistic model. This would be similar to what occurs within the Industrial Ecological Virtual Laboratory in Australia [75] . In addition, our estimate is only for waste that has been "formally" disposed of, and does not account for pre-harvest, on-farm, or informal food disposal. Estimating these additional food waste volumes needs to be carried out in order to understand better the full scale and impacts of New Zealand food waste.
Furthermore, the differences in our estimation of environmental impacts could be due to the Eora database having slightly higher impacts than other environmental databases due to differences in its Leontief inverse, emissions' data and final-demand estimation [76] [77] [78] . Further modeling with other life cycle analysis databases is required to produce a more accurate picture of the environmental impacts of food waste in New Zealand.
The household and commercial waste data present here opens many avenues of investigation. A similar data set of Australian food waste was estimated for the 2008 time period [20] . This has now been used to perform economic and environmental analysis of waste flows in Australia, with specific focus on the economic and environmental food waste interventions, including the introductions of curbside food waste recycling, and statewide food rescue operations [54] . Similar analysis could be performed upon these New Zealand data.
The waste data produced by our estimation are also harmonized with the Eora New Zealand Input-Output tables. These data could be easily transformed into the Australian and New Zealand Standard Industrial Classification. These could then be used in New Zealand's System of Environmental-Economic Accounting framework [79] [80] [81] .
